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Influence of systemically applied angiotensin II on the microcirculation
of glomerular capillaries in the rat. The effect of intravenous infusion of
angiotensin II on microvascular parameters of the renal microcircula-
tion of rats was studied. With the aid of fluorescence microscopy and a
high sensitivity video system we observed the passage of fluorescence-
labeled erythrocytes through single glomerular capillaries on the sur-
face of the rat kidney. From videotaped recordings, we measured the
velocity and the flux of erythrocytes using a modified dual-slit technique
with support of a microprocessor system. Angiotensin II was adminis-
tered intravenously at a rate of either 0.2 or 0.4 sgImin/kg of body wt.
Angiotensin II decreased renal blood flow in a dose-dependent fashion
(a 32% decrease with 0.2 sgImin/kg and a 42% decrease with 0.4
gImin/kg). The higher rate of angiotensin II infusion had a variable
effect on red cell velocity in glomerular capillaries with an overall effect
to decrease velocity by 18%. Red cell flux in capillaries was similarly
decreased by 25% with angiotensin II infusion. Three successive
infusions of angiotensin II did not significantly diminish the effect of the
peptide on red cell velocity or flux. Volume flow through the glomerular
capillaries (calculated from erythrocyte velocity and vessel diameter)
decreased during angiotensin 11 infusion (0.4 zg/minIkg) from 3.2 to 2.4
nl/min despite no change in capillary diameter or hematocrit (ratio of
erythrocyte flux to volume flow). These data indicate that alterations of
the ultrafiltration coefficient (Kf) are not induced by uniform capillary
vasoconstriction mechanisms, as others have suggested.
Influence de l'angiotensine II administrée par voie systémique sur Ia
microcirculation des capillaires glomérulaires chez le rat. L'effet d'une
perfusion intra-veineuse d'angiotensine II sur les paramètres microvas-
culaires de Ia microcirculation rénale de rats a eté étudié. A l'aide de Ia
microscopie par fluorescence et dun système video a haute sensibilité,
nous avons observe le passage d'erythrocytes marques par fluorescence
a travers les capillaires glomerulaires individuels de Ia surface du rein
de rat. A partir des enregistrements sur bandes video, nous avons
mesuré Ia vélocité et Ic flux des erythrocytes en utilisant une technique
modiflée a double fente a l'aide d'un système a microprocesseur.
L'angiotensine II était administrée par voie intra-veineuse a la vitesse
de 0,2 ou 0,4 ig/min/kg de poids de corps. L'angiotensine II a diminué
le debit sanguin rénale d'une facon dose dépendante (diminution de 32%
avec 0,2 sg/minlkg et diminution de 42% avec 0,4 sg/min/kg). Le plus
fort debit de perfusion d'angiotensine II avait un effet global de
diminution de la vélocité de 18%; le flux de globules rouges dans les
capillaries était diminué de Ia méme facon de 25% par Ia perfusion
d'angiotensine II. Trois perfusions successives d'angiotensine II n'ont
pas diminué significativement l'elfet du peptide sur la vélocité ou le flux
des globules rouges. Le debit volumique a travers les capillaires
glomerulaires (calculé a partir de Ia vélocité èrythrocytaire et du
diamètre des vaisseaux) a diminué pendant La perfusion d'angiotensine
11(0,4 1ig/min/kg) de 3,2 a 2,4 nI/mm malgré l'absence de modification
du diamètre capillaire, ou de l'hématocrite (rapport du flux erythro-
cytaire au debit volumique). Ces données indiquent que des alterations
du coefficient d'ultrafiltration (Kf) ne sont pas induites par des
mécanismes de vasoconstriction capillaire uniformes, comme d'autres
l'ont suggére.
Angiotensin II (All) plays an important role in controlling the
blood flow through the glomerulus [1]. Besides the effects on
the vascular resistance of the afferent and the efferent arterioles
of the glomerulus [2—7]; several investigators have surmised
that All has a significant effect on the morphology of the
glomerulus [8—11]. This is based on observations that an infu-
sion of All or an activation of the renin-angiotensin system
leads to changes in the ultrafiltration coefficient K up to 50% [6,
12—15]. The coefficient Kf is a product of hydraulic permeability
k and surface area available for filtration S (Kf = k S). It is not
known which one of these factors is the major cause of the
reduction in K. A most stimulating idea is the possibility of a
change in inner glomerular surface area by a mesangial cell
constriction similar to that of smooth muscle cells [16]. This
idea is based on observations that: (1) All receptors are present
in the mesangium of the glomerulus [17]. (2) This region of the
glomerulus is capable of contracting [18—20]. (3) Mesangial-like
cells, grown in cell cultures, contract when All is added to the
bathing solution [16]. A more direct observation was made by
Hornych, Beufils, and Richet [8] and Hornych and Richet [9]
who detected constricted capillaries in some superficial
glomeruli after an All application using scanning electron
microscopy. To our knowledge, until now, no intravital obser-
vations have been published which support any of these
hypotheses [compare 14, 21].
In the present study we investigated the influence of exogene-
ous All on the microcirculation and especially on diameters of
glomerular capillaries visible on the surface of the rat kidney. A
dose of All comparable to that shown by others to produce a
significant effect on the determinants of glomerular filtration
was selected for our studies. We used fluorescence-labeled
erythrocytes as tracers for cell velocity and cell flux in
microvessels. The fluorescence microscopic technique used for
this investigation was a modified version of the technique we
recently introduced to measure blood flow in glomerular capil-
laries with the aid of fluorescent latex particles and fluorescent
dextran [22]. Substitution of the previously used latex particles
by fluorescent erythrocytes allowed, for the first time, determi-
nations of red cell flux and dynamic hematocrit in glomerular
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capillaries in vivo, in addition to flow measurements.
Received for publication September 27, 1982,
and in revised form January 23, 1984
© 1985 by the International Society of Nephrology
18 Zimmerhacki ci al
Methods
Experiments were performed on 24 female Wistar-Furth rats,
each weighing 160 to 210 g, which had fasted 15 hr prior to the
experiments with free access to water. The animals were
anesthetized with mactin (100 mg/kg of body wt i.p.). Further
surgical procedures for preparing the kidney for microscopic
investigation and for monitoring blood pressure (BP) and body
temperature have been previously described [22]. In addition, a
catheter was introduced in the arteria femoralis for blood
sampling. To replace fluid losses due to preliminary surgery we
injected 1 ml of an isotonic, isoosmotic solution (Heamaccel)
warmed to 37°C. We infused 1% inulin in saline solution at a
rate of 2 ml/hr to measure glomerular filtration rate (GFR). The
prepared kidney was immobilized in a kidney spoon to reduce
kidney movement caused by the heart and respiration. To avoid
drying of the exposed left kidney we covered it with a plastic
film.
Microscopy. Two to five glomeruli were normally found on
the kidney surface. A single glomerulus on the flat portion of the
kidney surface was selected for observation. To observe the
microvessels an incident light Ploemopac system (Leitz,
Wetzlar) with an immersion objective (UO 55, n.a. 0.8, Leitz) in
combination with a locally fabricated dipping cone was used.
To keep the selected capillaries in focus throughout the experi-
ment, we kept the distance between the objective and kidney
surface constant by having direct contact between the covering
glass of the dipping cone and the kidney. The microscopic
image was displayed on a video monitor by a high sensitivity
television camera (Siemens K5B) and recorded on video tape
(Grundig BK 401). Other details have been described previ-
ously [22].
Fluorescent erythrocytes. Erythrocytes from donor rats were
washed with a glucose-saline buffer (pH 7.4), incubated for 1 hr
in a fluorescein-isothio-cyanate solution (FITC, 10 mg/ml, pH
9.0), and then washed with buffer to remove the free dye. We
injected 0.1 to 0.2 ml i.v. of a 50% cell suspension which
produced cell counts of labeled erythrocytes in systemic blood
ranging between 30 to 90 cells/nI blood (see below), The labeled
erythrocytes are self-luminous under fluorescent light and cir-
culate continuously in blood after a single systemic injection.
The half-life of the fluorescent red cells has been shown to be
more than 2 weeks [23]. In our experiments, the amount of
fluorescent erythrocytes in the native erythrocyte pool re-
mained constant throughout the 2-hr observation time.
Erythrocyte velocity. We measured the mean velocity of
labeled erythrocytes in the capillaries from pre-recorded video
tapes using a double window photoanalyzer (Instrumentation
for Physiology and Medicine Inc., San Diego, California, USA
[1PM]) and a microprocessor system (Z 80 A). This method is
based on the dual slit technique 124, 251 commonly used in
microcirculation research. The validity of the procedure used in
this study has been recently demonstrated [261. Consecutive
single video frames were analyzed for velocity of fluorescent
erythrocytes using a previously described technique [221 and
compared with our measurements obtained by the micropro-
cessor system. The deviations of the two methods were less
than 5%. In our study we placed the two photometric windows
in the television image of a capillary section in the focal plane
and determined the real distance between them using standards
(Leitz, see below). The microprocessor measured and stored
the time delay between the arrival of each fluorescent eryth-
rocyte at the two windows, and calculated the mean velocity.
Each recording (3 mm) was measured in six subsequent
subperiods of 30 sec. The results are given as mean SEM of
the six measurements. This procedure allows us to estimate the
accuracy of the measurement.
Erythrocyte counts and blood analyses. In addition to veloc-
ity, the microprocessor also measured the mean number of
fluorescent erythrocytes traversing the capillary per unit of time
(entrance frequency). These results were also given as mean
SEM of six measurements. We counted the number of fluores-
cent erythrocytes in 40 different fields in a chamber (Neubauer)
containing an arterial blood sample. This procedure gave a SEM
of less than 3% for the calculated labeled cells per blood
volume. Furthermore, we analyzed arterial blood samples for
hematocrit and concentrations of protein and inulin in plasma
[22].
Capillary diameter. The inner diameter of the glomerular
capillary was derived after staining the plasma with fluorescent,
non-filtrable, dextran [22, 27] which makes the boundary lines
of fluorescing vessels distinctly visible. We measured the dis-
tance between these boundary lines from tape recordings with a
shearing monitor (1PM, [28—301) that had been previously
calibrated with a standard (Leitz). Each value represented the
mean SEM of at least six determinations. Measurements were
done by two observers to reduce subjective error.
Calculations. Volumetric flow in glomerular capillaries (V)
was defined as the product of fluorescent cell velocity (vrbc) and
capillary cross-sectional area [calculated from its inner diam-
eter (2 r)]:
"rbc' (1)
Use of the mean blood flow velocity (Vh) instead of Vrbc in the
above equation would give the true capillary blood flow. For
flow in small vessels it has been shown that vh is less than vrbc
(Fahraeus effect, [31, 32]).
We measured the concentration of fluorescent erythrocytes
in arterial blood (npITc) by using a counting chamber (see
above). The number of fluorescent cells per total erythrocyte
volume (NFITC) was then derived from labeled cells per blood
volume, nFITc, and arterial hematocrit (Hct) by:
NFITC nFITc/HctSY. (2)
From labeled cells per erythrocyte volume, NFIFC, and the
entrance frequency of fluorescent erythrocytes (fFITC) mea-
sured in the glomerular capillary, we calculated the capillary
red cell flux (Qrbc) as
Qrbc fFITC/NFITC (3)
The derivation is based on the assumption that the ratio of
labeled to native cells in capillary and arterial blood is identical.
The dynamic hematocrit (Hctmiero) was then calculated from
cell flux, Qrbc, and volumetric flow, V, in the capillary [32] by:
HCtmicro Qrbc"1 (4)
Substitution of V by true capillary blood flow in the above
equation yields a value that has been defined as discharge
hematocrit [32], which is larger than HCtmjcro.
Experimental protocol: Group I. We observed in four rats the
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Fig. 1. Example of the effect of intravenous infusion of All (0.4 ,u.glmin/kg of body wt) on arterial blood pressure and total renal blood flow.
influence of intravenous All infusion at rates of 0.2 and 0.4
xgIminIkg of body wt on total kidney blood flow using an
electromagnetic flow meter (Carolina Medical Electronics, FM
501, North Carolina, USA [331).
Group 2. We determined in ten rats the effect of intravenous
All infusion (0.4 xg/min/kg of body wt) on the glomerular
microcirculation. We injected 0.1 to 0.2 ml i.v. fluorescent
erythrocyte suspension and positioned the kidney under the
microscope. We then withdrew an arterial blood sample for
measuring systemic hematocrit, and counting fluorescent cells
per blood volume. After a stabilization period of about 30 mm
we recorded the flow of fluorescent erythrocytes through the
capillaries chosen for investigation for 3 mm. Then we started
an intravenous infusion (36 l/min) of the appropriately diluted
All solution (Hypertensin, Geigy) to produce an All infusion
rate of 0.4 j.g!min/kg of body wt. The image of the capillaries
was recorded 12 mm after the onset of infusion for 3 mm. From
these recordings we determined red cell velocity and red cell
flux. The All infusion was then stopped for 20 mm. The
diameters of the capillaries were then measured by repeating
the above protocol after staining plasma with fluorescent dex-
tran. It was necessary to repeat All infusion for measuring
diameters, because the staining of plasma diminishes the con-
trast between erythrocytes and plasma. This makes simultane-
ous determinations of cell velocity and capillary diameter
difficult. We collected an arterial blood sample at the end of the
experiment and analyzed it for cell counts, hematocrit, and
concentrations of plasma protein and inulin [22, 34]. Urine
samples from the left experimental kidney were collected
separately during control and All infusion periods for measur-
ing urine flow, concentrating state, and inulin clearance.
Group 3. We studied the influence of three successive All
infusions on cell velocity and cell flux in five rats. In these
experiments we did not measure capillary diameters. The
80-mm protocol was divided into eight 10-mm periods. Periods
1, 2, 4, 6, and 8 served as controls. During periods 3, 5, and 7
All was infused at a rate of 0.4 g/min/kg of body wt.
Measurements of cell velocity and flux were obtained for all
eight periods.
Group 4. We measured only capillary diameters in this group
of five rats. The protocol used was the same as used in group 2
with these exceptions: (1) The plasma was stained at the
n=10 n=7
N=4 N=3
Fig. 2. Influence of intravenous 411 (0.2 and 0.4 jxglminlkg of body wt)
on total renal blood flow. Data (X 5EM) are given as the percentage
changes from control blood flow. Abbreviations are: n, number of
measurements; N, number of animals.
beginning of the observations, and (2) All was infused at a rate
of 0.2 g/min/kg of body wt.
Results are given as mean SEM. Significance was calcu-
lated by a paired t test and P values less than 0.05 were
considered significant.
Results
Figure 1 shows that intravenous infusion of All (0.4
g/min/kg of body wt) increased the mean arterial pressure and
decreased the total renal blood flow (group 1). These effects
appeared within seconds after the onset of the All infusion,
persisted, and remained stable throughout the infusion and
disappeared quickly after the infusion ended. Similar observa-
tions were made with a lower infusion rate of All (0.2
1Lg/min/kg). As shown in Figure 2 the lower infusion rate of All
reduced renal blood flow by 32 4% (mean SEM, N = 10)
and the higher rate by 42 5% (N = 7, Fig. 1). Renal blood
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Fig. 3. Effect of successive All-infusions (0.4 gIminIkg of body wt) on
mean arterial pressure, red cell velocity, and red cell flux. Data (X
SEM) are given as the percentage change from control reading 1 (C1).
Symbols are: , a significant (P < 0.01) difference from C1; , red cell
velocity; , red cell flux. The number of measurements is 8; the number
of animals is 5.
flow during the control periods in these experiments averaged
5.2 0.2 mi/mm (N 17).
The All infusion protocol (0.4 tg/min/kg of body wt) was
repeated three times (group 3) to study the spontaneous varia-
tion in red cell velocity and red cell flux as well as the possibility
of tachyphylaxis [35] due to successive All infusion. Figure 3
shows the relative changes in these parameters from eight
capillaries of five rats during different periods compared to the
first control values. The values for red cell velocity and red cell
flux during the first control periods were 880 77 lm/sec and
1.32 0.17 nI/mm, respectively. These values did not change
significantly during any of the following control periods,
whereas they were significantly reduced (P < 0.01) during all
the periods of All infusion. Furthermore, the values during the
second and third All infusions were not significantly different
from those during the first infusion. The results indicate that
tachyphylaxis does not occur with repeated All infusion.
During the control periods of group 2 experiments, we
measured U/P-inulin of 136 27, inulin clearance of 3.08
0.49 mllmin/kg of body wt and urine flow of 27 14 tl/min/kg
of body wt. During the All infusion (0.4 xg/min/kg), U/P-inulin
decreased to 90 15, inulin clearance was 3.11 0.43
mI/mm/kg of body wt, and urine flow increased to 38 12
d/min/kg of body wt. The plasma protein concentration at the
end of the experiments was 4.3 0.8 g/dl. The arterial blood
sampled at the beginning of these experiments had 105 19
fluorescent cell per nanoliter-packed cell volume. The relative
change of fluorescent cell density in the blood samples collected
at the end of the experiments was not statistically significant
(1.8 2.8% vs. first sample, N = 10).
In the group 2 rats we were also able to observe the flow in 18
single glomerular loops. We measured fluorescent erythrocyte
velocity, red cell flux, and inner diameter in the glomerular
capillaries during a control period and during All infusion (0.4
g/min/kg of body WI). In four capillaries, diameters could be
measured during the control period, but not during All infusion.
In these cases we used control values for further calculations.
The results are shown in Table 1. Erythrocyte velocity could be
measured with an average SEM of 7% (see Methods). In these
experiments the mean velocity of fluorescent erythrocytes did
not decrease significantly during All infusion (—18 10 vs.
control, N = 10). However, the corresponding change obtained
by using the data for each capillary was statistically significant
(—22 7% vs. control, N = 18, P < 0.01). Red cell flux in the
capillaries was calculated from the entrance frequency of fluo-
rescent erythrocytes (SEM 7%) and labeled cell counts in the
systemic blood (SEM < 3%, see Methods). Red cell flux in the
investigated capillaries decreased significantly during All infu-
sion when considered either as the average per animal (—25
10% vs. control, N = 10, P < 0.05, Table 1) or individually
(—25 8% vs. control, N 18, P < 0.01). In contrast to cell
velocity and cell flux, diameters (Table 1) did not change due to
All infusion. Also none of the observed capillaries showed a
significant change in diameter due to All.
From the erythrocyte velocity and the cross-sectional area of
these capillaries we calculated volume flow, depicted in Figure
4. The volume flow decreased from 3.2 0.4 nI/mm (N = 16)
to 2.4 0.4 nl/min during All infusion. The paired difference of
—23 8% was statistically significant (P < 0.01). Calculated
volume flow, however, represents true blood flow only if the
red cell velocity in glomerular capillaries is equal to the cor-
responding mean blood velocity. Because of the short distances
between capillary branches and the high permeability, it is open
to question if the flow pattern for plasma and red cells in
glomerular capillaries is comparable to that described for glass
tubes [31, 321, where distances are great enough for an equilib-
rium flow pattern to become established. This behavior in small
vessels, known as the Fahraeus effect [31], would then decrease
the apparent volume flow by a factor of about 0.7 for the given
capillary diameter range [22, 26, 321.
Figure 5 shows the local micro hematocrit (HCtmicro) in the
investigated capillaries during control and All infusion periods,
as calculated from red cell flux and volume flow. The local
hematocrits during the control and the All infusion periods
were 43 3% (N = 16) and 39 3%, respectively. The paired
hematocrit change in these capillaries, —5 8%, was not
significant.
We measured diameters of 20 glomerular capillaries in five
rats (group 4) during a control period and then during All
infusion at a rate of 0.2 tg/min/kg of body wt. The diameters of
individual capillaries during control and All infusion periods
are depicted in Figure 6. The mean diameter of the investigated
capillaries was 5.6 0.3 m during the control period and 5.8
0.2 during All infusion. The relative change due to All (2.9
2.0%) was not statistically significant. In these experiments
criteria for selecting capillaries for investigation were less
restricted, and thin short capillaries, unsuitable for flow mea-
surements, could also be studied.
Discussion
The purpose of this investigation was to quantitate the effects
of All, and hence the renin-angiotensin system on single
glomerular capillaries in the rat. We recently developed a
method for measuring the flow velocity in these structures using
fluorescent-labeled latex particles, 1.8 rm in diameter [221. By
substituting latex particles with fluorescent-labeled erythro-
cytes, we measured not only the red cell velocity and the blood
flow rate, but also the red cell flux and the local hematocrit in
single glomerular loops.
C2 All C3 All C4 All C5
Map
109 120* 106 120 108 122 107
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Table 1. Erythrocyte velocity red blood cell flux and capillary diameter response to All infusion (0.4 g/min/kg of body wt)a
Rat
no.
Erythrocyte velocity,pin sec'
Red cell flux,
n1 min Capillary diameter,pin
MAP,
mm Hg
C All
Syst
HctControl All % Control AlL % Control All A%
I Cl
C2
933 74
1560 116
673 41
1384 72 —11
1.97 0.03
1.47 0.03
1.43 0.06
1.09 0.08
_27b 11.1 0.4
10.0 0.9
10.1 0.7
10.2 0.5
—9
+2
112 135
112 135
0.42
0.42
2 Cl
C2
737 25
496 59
525 33
452 24 —9
1.12 0.10
1.03 0.17
0.75 0.08
0.61 0.03
8.5 0.4
9.3 0.7
ND
ND
—
—
113 135
113 135
0.42
0.42
3 Cl
C2
C3
948 93
690 47
333 27
770 64
686 65
295 26
—19
—1
—12
0.64 0.03
1.32 0.10
0.60 0.09
0.93 0.03
1.53 0.06
0.51 0.03
45b
+16
—15
8.7 0.4
ND
10.1 0.5
ND
ND
ND
—
—
—
115 127
115 127
115 127
0.43
0.43
0.43
4 755 91 1061 118 +40 1.78 0.08 2.19 0.06 +23' 8.5 0.2 8.8 0.3 +4 93 110 0.45
5 Cl
C2
905 38
431 28
822 85
453 18
—9
+5
1.48 0.04
0.82 0.05
1.33 0.05
0.76 0.05 —7
ND
8.6 0.4
ND
7.4 0.5
—
—14
105 115
105 115
0.46
0.46
6 Cl
C2
876 45
1131 228
211 6
204 17
76' 1.59 0.15
2.03 0.20
0.36 0.02
0.45 0.03 —78"
8.6 0.5
11.1 0.7
9.4 0.5
11.3 0.6
+9
+2
105 123
105 123
0.42
0.42
7 813 32 444 9 —45" 1.19 0.08 0.74 0.05 —38" 9.7 0.5 9.5 0.5 —2 100 115 0.42
8 Cl
C2
1162 76
919 39
780 20
505 83
1.34 0.12
0.95 0.03
0.61 0.04
0.45 0.08
7.5 1.5
8.4 0.8
8.5 1.2
9.2 0.5
+13
+10
110 117
110 117
0.43
0.43
9 559 25 627 30 +12 0.94 0.09 0.78 0.10 17' 8.5 0.4 8.6 1.0 +1 100 100 0.44
10 Cl
C2
889 38
684 41
653 30
558 26 l8" 1.40 0.070.86 0.05 0.88 0.060.62 0.03 7.7 0.97.7 0.2 7.7 0.97.8 0.2 +1 120 130120 130 0.420.42
Mean
per
animal
815 69
N=10
633 80
N=10 N=10
1.28 0.11
N=10
0.94 0.16
N=10 N=l8
8.97 0.28
N=10
8.93 0.37
N=8 N8
107 122a
N=10 N=lO
0.431
N=10
a Measurements were made in 18 giomerular capillaries (C) in ten rats; they were also made six times during the control period and six times dur-
ing All infusion. Data are given as X SEM and % is the percentage change in the parameter with All infusion.
"The value denotes a significant (P < 0.05) response in the individual capillary.
The value denotes a significant (P < 0.05) response for the mean of all animals.
Fluorescent red cells recirculate, have a half-life of more than
2 weeks [23], and have a similar velocity distribution as native
cells [26]. In our experiments, counts of labeled cells in the red
cell pool remained stable during the experimental period. Thus,
these cells seem to be suitable markers for investigating
microcirculatory red cell flux.
The observations presented here are of special interest with
respect to the reported reduction in the ultrafiltration coefficient
(Kf) induced by All. A change of this coefficient, which is the
product of the hydraulic permeability (k) and the glomerular
surface area (S), is possible by three principal modes of action
as discussed by Blantz [21]: (1) by changing the permeability k
by affecting the permselective character of the endothelial wall
of the glomerular capillaries, (2) by changing the anatomical
surface of the glomerulus by uniform reduction of the size of the
individual capillaries and hence filtration area, and (3) by
changing the surface area available for filtration by reducing the
number of perfused capillaries. In the glomerular network this
latter mode may also be realized in a modified form (3') by
increasing the number of poorly perfused capillaries, in which
the effective filtration area should decrease due to local filtra-
tion equilibrium [36, 37].
Changes in k induced by All are often discussed [38, 39], but
ultrastructural and permselective observations have not yet
shown characteristic effects on the glomerular barrier, which
might explain a significant reduction of k [39—41]. Conse-
quently, we paid particular attention to hypotheses 2 and 3.
The intravascular application of All reduces single nephron
plasma flow in surface glomeruli concomitant to renal blood
flow [2, 6, 13, 39]. Blood flow velocity and red cell flux changed
in the same direction and also to a similar degree in our
experiments compared to the above-cited data. Also, with the
infusion of All in doses between 0.03 and 0.6 pg/min/kg of body
wt leading to similar increases in mean blood pressure of 15 to
32 mm Hg, Ichikawa, Miele, and Brenner [6], Gassee et al [12],
Blantz, Konnen, and Tucker [13], and Baylis and Brenner [15]
found a reduction in K of about 50%. Taking into consideration
hypothesis 2 as a possible mechanism, a change in inner surface
area of 50% requires a reduction in the inner diameter of the
individual glomerular capillaries of 50% also, provided the
mean length of the capillaries remains unchanged. The direct
measurements of the capillary diameters (Table 1 and Fig. 6) did
not show a detectable decrease to support this hypothesis. The
measurements of changes of the capillary diameter using fluo-
rescent dextran and a shearing monitor had a SE of about 7% in
our study.
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Fig. 5. Effect of All (0.4 g/min/kg of body wi) on local hematocrit(Hct,) in glomerular capillaries. The number of capillaries is 16, and
the number of animals is 10. The mean is shown by Li. NS represents
not significant.
In addition, a reduction of 50% in glomerular capillary
diameter would lead to an increase in blood flow velocity by a
factor of 2.8, even if the blood flow through the glomerular is
reduced by 30%. In contrast to reported changes in capillary
diameters using scanning electron microscopic images [8, 9],
and to reported changes in glomerular dimensions [10, 17, 18],
Control All Control Angil
6-
4
C
2-
P<0.01
Fig. 4. Effect of All (0.4 p.glmin/kg of body wt) on volume flow ((7) in
single glomerular capillaries. The number of capillaries is 16, and the
number of animals is 10. The mean is shown by Li.
Control
70 -
50,-
30
9.0
7.0
E
:3.
5.0
_______________________
3.0
1.0
NS
Fig. 6. ffect of All (0.2 gIminIkg of body wt) on the capilla,y
diameter. Corresponding values at higher All doses are in Table I. The
number of capillaries is 20, and the number of animals is 5. The mean is
shown by LII.
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Fig. 7. Effect of All (0.4 jig/mm/kg of body wt) on red blood celiflux and
velocity in single glomerular capillaries. Values are given as the
percentage change from control (LL%). All is represented by A.
we failed to find either a significant reduction in capillary size or
a significant increase in blood flow velocity produced by All
infusion. On the contrary, we measured a positive correlation
between the decrease in flux and decrease in velocity (Fig. 7).
In addition, measurements of glomerular contraction using
isolated glomeruli or cell cultures, where no adequate
intracapillary pressure is maintained [10, 16, 18], are not
comparable to the in vivo behavior in the glomerulus. We think
that the result of the glomerular modifications studied in vitro
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cannot be transferred directly to the living system to explain
physiological mechanisms.
On the other hand, when analyzing the number of visible
loops in our glomeruli in the control-phase and in the All-period
by plasma staining with FITC-dextran, we could not detect any
nonperfused capillary during All infusion to support the
unmodified hypothesis 3 as a major mechanism of the All
effect. With our reported technique we can only observe a few
glomerular capillaries in the upper segment of superficial
glomeruli. Deeper segments of the glomerular network are
increasingly obscured by the overlying capillaries that do not
allow reliable flow measurements to be made below one or two
capillary layers. Even in the visible part of the glomerular
network only a few capillaries with sufficient length in a focal
plane are suitable for flow measurements. Consequently, from
our investigations we cannot rule out changes in inner glomer-
ular structures.
The changes in red cell flux and cell velocity with All infusion
were highly variable between individual loops (Table 1, Fig. 7).
(The reduction of mean glomerular capillary velocity due to All
among capillaries of group 2 was not even significant.) This
nonuniform pattern suggests that a possible mechanism of an
All-effect on the glomerular network may he a functional
shunting of blood to some parts and consequent reduction of
blood flow through other parts. Such a redistribution of renal
microcirculation would reduce a functional area available for
filtration (close to hypothesis 3') as shown by mathematical
calculations by Lambert et al [371. This reduction is possible
without reducing the number of perfused capillaries. Another
mechanism to alter filtration behavior in the glomerular network
consists of redistributing blood cell flow and plasma flow in the
network. This should cause a significant variation of the local
hematocrit in individual capillaries due to All. The variations in
the local hematocrit in our observed capillaries were not large
enough to support this as the mechanism of All action (compare
Fig. 5).
In conclusion, we could not confirm the suggestion that doses
of All which increase arterial blood pressure reduce the ultra-
filtration coefficient Kf by global vasoconstrictive mechanisms.
Besides the still unclear effect of All on the hydraulic perme-
ability of the capillary wall (k), a modified hypothesis, 3',
deserves consideration. A change in blood flow distribution
which results from a change in the efferent resistance [2, 5, 6,
13, 14, 401 might, by itself, lead to a functional reduction in the
filtration surface area (local filtration equilibrium) without the
need for a change in the architecture of the whole glomerulus.
To quantitate the effect of the proposed mechanism, we are
presently establishing and testing a mathematical model. Fur-
thermore, we have observed in vivo (hydronephrotic kidney
[421) that All reduces blood flow more in long pathways of the
glomerular network than in short pathways (unpublished re-
sults).
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